The aim of this study was to answer the following questions: (1) which environmental variables, biotic (fish predation) or abiotic factors, have a greater influence on the rate of zooplankton changes in lake outlet sections and (2) which plankters suffer the greatest reduction in the outlet section.
INTRODUCTION
The presence of zooplankton in rivers depends on many environmental factors. It is mainly dependent upon hydrological conditions, including water residence time that is directly proportional to the increase in quantitative zooplankton communities (Basu & Pick 1996 , Thorp et al. 2006 . It is commonly known that the greatest amounts of zooplankton come to rivers from limnetic basins that ensure the best conditions for its reproduction. The richest sources of zooplankton are lakes, reservoirs, floodplains, and ponds (Ejsmont-Karabin & Węgleńska 1996 , Lair 2006 , Chang et al. 2008 , Czerniawski & Pilecka-Rapacz 2011 . Much less productive sources of zooplankton in rivers are wetlands and slackwaters (Richardson 1992 , Nielsen et al. 2010 . Irrespective of the source, after reaching the main watercourse over a certain section of the river zooplankton suffers qualitative and quantitative reduction, which is most pronounced for large crustaceans (Armitage & Capper 1972 , Walks & Cyr 2004 . The reduction of zooplankton communities in the river depends on many abiotic and biotic variables. According to many authors, the most important factors restricting the density of zooplankton in rivers are fish, especially their larvae (Jack & Thorp 2002 , Chang et al. 2008 . The effectiveness of fish foraging on zooplankton depends on many environmental factors. Wissel et al. (1998) claim that a smaller abundance of zooplankton can be a consequence of increased water transparency, as the latter facilitates predation by fish. According to Czerniawski & Domagała (2010a) the reduction of zooplankton in the outflows from mesotrophic lakes is faster than in the outflows from eutrophic lakes. Other studies (Campbell 2002 , Czerniawski & Domagała 2010b have suggested that increases in hydrological parameters and vegetation coverage have a positive impact on the abundance and decreased rate of reduction of zooplankton in rivers.
So far much greater attention has been paid to the reduction of zooplankton in the outflow sections of large rivers from large, often turbid, water reservoirs (e.g. Armitage and Capper 1976 , Reckendorfer et al. 1999 , Chang et al. 2008 ) whilst downstream transport of zooplankton in outflows of small rivers or streams is much less known. To provide the supplementing information we have decided to undertake a study of the zooplankton structures and their changes in the outlet sections and to identify the factors determining the rate of these changes. This information seemed even more important because of the significance of riverine zooplankton in food webs downstream.
The aim of this study was to answer the following questions: (1) which environmental variables, fish predation or abiotic factors, have greater influence on the rate of zooplankton changes in the outlet section and (2) which groups of zooplankton suffer the greatest reduction in the outlet section.
MATERIALS AND METHODS
The study was performed on various outlet sections of 18 lakes located in the Drawa catchment area (GPS: 53 20 25 N; 15 46 30 E -middle Drawa, Poland) ( Fig. 1) . At each outlet section, two sampling sites were selected. The first site was right at the outflow; the second site was 0.2 km downstream from the outflow. The greatest zooplankton community decline is in the 0.2 km long outlet section (Chang et al. 2008) .
The zooplankton samples were collected in July 2010. In this region the highest reduction of zooplankton communities in outlet sections occurs in summer (Czerniawski & Domagała 2010a , Czerniawski & Domagała 2012 . At each site, 50 l of water were collected with a 10 l bucket from the river current. The samples were concentrated to 150 ml. The water was filtered through a 25 µm mesh net, then the sample was fixed in a 4-5% formalin solution. From the stirred total sample, five subsamples (2 ml) were pipetted into a glass Sedgewick-Rafter Counting Chamber. For identification, a Nikon Eclipse 50i microscope was used. Species were identified using the keys of Radwan (2004) and Rybak & Błędzki (2010) . In each sample, the body length of at least 30 individuals from each species was measured by the Pixelink Camera Kit 4.2 computer program. If the number of individuals representing a given species was lower than 30, the body lengths of all individuals were measured. The body length was converted to wet mass using the formulas of Ruttner-Kolisko (1977) , McCauley (1984) , and Ejsmont-Karabin (1998).
Environmental variables were measured at 20 m intervals from the outflow site to the downstream site. Velocity, width, and depth were measured by an electromagnetic water flow sensor OTT (Germany) to determine the discharge of water. The average velocity was calculated from the velocities measured in three sections across the stream at the depths of 20% and 80%. The illuminance was measured by lux meter. The content of suspended solids was measured by a photometer DR-850 made by Hach Lange (USA). Along the entire outlet section the macrophytes were examined. We visually estimated the total percent of vegetation coverage. The most common macrophytes species were Glyceria maxima and Phragmintes communis. Along the entire outlet section the fish were captured with the use of electric fish gear (Hans Grassl ELT60 II, Germany). The fish were caught along the whole outlet section, from the outflow to the downstream site. To make sure that the majority of the fish were caught, the procedure was performed two times. The fish were caught by three people: two people collected the fish, while the third person walked 20 meters behind them to ensure that the stunned fish which were left were not carried down the river. Then the fish were moved to small 
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www.oandhs.org cages, measured, and weighed. After the measurements, the fish were released back into the river. The list and mean rates of abiotic and biotic variables are shown in Table 1 .
Statistical significance of the differences in the zooplankton community between outflow and downstream sites was tested using the nonparametric Mann-Whitney U test (P < 0.05). The relationships between abiotic and biotic variables and rates of biomass reduction were checked using Pearson's correlation. To find the best predictors for biomass reduction, stepwise multiple regression was used. The percentage of variation explained by the pattern was based on R 2 . In order to determine the influence of environmental variables on the biomass reduction of some taxa of zooplankton in the outlet sections, Canonical Correspondence Analysis (CCA) (Oksanen et al. 2008 ) was used. Multicolinearity of explanatory variables of CCA was checked using the variance inflation factor (VIF); values and variables with VIF > 10 were removed from the analysis.
RESULTS
During the course of the study 92 taxa of zooplankton were identified, of which 61 belonged to Rotifera, 21 to Cladocera, and 10 to Copepoda (Table 2 ). In outflows 83 taxa of zooplankton were identified of which 55 belonged to Rotifera, 18 to Cladocera and 10 to Copepoda, whilst at downstream sites the number of taxa was 70 of which 46 belonged to Rotifera, 15 to Cladocera and 9 to Copepoda. In outflows and at downstream sites the most common species were, among RotiferaKeratella cochlearis, among Cladocera -Eubosmina coregoni, and among Copepoda -Thermocyclops oithonoides (Table 2) . Moreover, Cyclopoida nauplii and copepodites of Cyclopoida were often found.
In outflows and at downstream sites the zooplankton species composition and abundance were dominated mainly by Rotifera, while crustaceans dominated the biomass of zooplankton (Fig. 2) . Nauplii also brought a large percentage ) and biomass (µg l -1 ) of Rotifera, Cladocera, nauplii, and Copepoda (except nauplii) in outflows and downstream of all examined lakes. contribution to the composition and abundance of zooplankton. At downstream sites the percentage contribution of Rotifera in zooplankton taxa number, abundance, and biomass was higher than in the outflow. Similarly, the percentage contribution of nauplii in the abundance and biomass of zooplankton was higher at downstream sites than in outflows, whilst the percentage contribution of Cladocera and Copepoda (except nauplii) in the zooplankton taxa number, abundance, and biomass was lower at downstream sites than in outflows.
A significantly higher number of Cladocera taxa (P<0.01) and Copepoda taxa (P<0.05) were observed in outflow sites than at downstream sites, whilst the number of Rotifera taxa did not change significantly between these sites (P>0.05) ( Table 3 ).
The abundance and biomass of rotifers did not change significantly between sites (P>0.05), although in the majority of lake-outlet sections the abundance and biomass of rotifers was lower at downstream sites than in outlets (Table 4) . However mean abundance and biomass of Bdelloidea, Colurellidae and Lecane sp. was slightly higher downstream than in outflows, but not significantly (P>0.05). The abundance and biomass of three analysed groups of Cladocera (Bosminidae, Daphnidae, and Chydoridae) were significantly reduced between outflows and downstream sites (P<0.01). Similarly, the abundance and biomass of copepodites and adult copepods were significantly reduced, respectively (P<0.05, P<0.01). Among the taxa of crustaceans only communities of nauplii did not change significantly between the outlet and downstream sites (P>0.05). In most lakeoutlet sections the biomass of cladocerans was reduced the most while the reduction in biomass of the rotifers was the lowest (Fig. 3) .
The Pearson's coefficient shows that all hydrological variables of the outlet section had negative influences on the rate of reduction of all taxa of crustaceans (Table 5) . A statistically significant negative effect of discharge was observed on the biomass reduction of bosminids (P<0.05), daphnids (P<0.05), chydorids (P<0.05), and adult copepods (P<0.01). Velocity had a significant Table 3 Mean taxa number of zooplankton ±SD in outflow and downstream. Significant differences in taxa numbers between outflows and downstream are marked with an asterix; * P < 0.05; ** P < 0.01.
Taxa
Outflow Downstream Rotifera 12 ±5 10 ±5 Cladocera 4 ±2 2 ±2** Copepoda 4 ±1 3 ±2* Table 4 Mean abundance and biomass of zooplankton ±SD in outflow and downstream. Significant differences in abundance and biomass of zooplankton between outflow and downstream are marked with an asterix; * P < 0.05; ** P < 0.01. (Table 5 ). The strongest correlations were noted for daphnids (P<0.01). Biomass of percids correlated positively with the biomass reduction of Polyarthra sp., and biomass of pike correlated positively with the biomass reduction of Keratella sp. (P<0.05). However, multiple regression revealed that three variables significantly affected the biomass reduction of zooplankton. The main predictor which significantly positively determined biomass reduction of daphnids was wet biomass of cyprinids (R 2 = 0.58, P = 0.041), while the main predictor which significantly negatively determined biomass reduction of chydorids and adult copepods was discharge (R 2 = 0.61, P = 0.043 and R 2 = 0.63, P = 0.009). Suspended solids negatively affected biomass reduction of Lecane sp. (R 2 = 0.76, P = 0.044). CCA of the samples and a decrease in the biomass reduction between outlets and downstream sites revealed that cyprinid biomass and illuminance correlated best with the first axis. Pike biomass, depth, discharge, and vegetation cover correlated best with the second axis (Fig. 4) . The two axes explained 34.6% of the variability in the decrease in biomass reduction of zooplankton. The strongest correlations between the decrease in biomass reduction and environmental variables were noted for all adult crustaceans that correlated positively with vegetation coverage and hydrological variables. Moreover, crustacean biomass was negatively correlated with the biomass of cyprinids and with illuminance.
DISCUSSION
Flowing waters are characterised by a considerable prevalence of Rotifera and Copepoda nauplii in the qualitative and quantitative composition of zooplankton (Basu & Pick 1996 , Lair 2006 , Thorp et al. 2006 . A similar observation was made on the basis of data collected in this study. This type of composition is probably related to the pressure of fish predation on the largest plankters. The greatest quantitative and qualitative reduction of zooplankton is observed in the outlets from stagnant basins such as reservoirs, lakes, or floodplains (Ejsmont-Karabin & Węgleńska 1996 , Lair 2006 , Czerniawski & Domagała 2010a , which is related to the abundant presence of fry in these outflow areas (Chang et al. 2008) . The above authors reported that first the largest plankters, daphnids, and adult Copepoda undergo reduction. Then smaller Cladocera undergo reduction, and rotifers and nauplii are reduced the least. Therefore, the contribution of the smallest plankters in the total abundance and biomass of zooplankton downstream is considerably greater than in the outflow section where the abundance and biomass of crustaceans is greater. Many authors have confirmed that the size selection of zooplankton by fish is one of the main factors determining the structure of crustaceans, particularly daphnids and adult copepods, in flowing water (e.g. Basu & Pick 1996 , Walks & Cyr 2004 , Lair 2006 . In this study a strong reduction of these taxa was observed. Hence, because of the relatively large size of representatives of these taxa it is not surprising Eigenvalues of axis 1 = 0.14, 22.4%; eigenvalues of axis 2 = 0.01, 12.2%. Biotic factors: Pike -pike wet biomass, Eel -pike wet biomass, Burbot -burbot wet biomass, Percids -percids wet biomass, Cyprinids -cyprinids wet biomass, Abiotic factors: S.S. -suspended solids, Discharge, Velocity -current velocity, Vegetation -vegetation cover, Illuminance. Taxa of zooplankton: Ad Cop -adult copepods, Anura -Anuraeopsis sp., Bdell -Bdelloidea, Bosmin -Bosminidae, Chydo -Chydoridae, Colur -Colurella sp., Copep -copepodites, Cop.nau -nauplii copepods, Daphn -Daphnidae, Kerat -Keratella sp., Lecan -Lecane sp., Polya -Polyarthra sp., Pomph -Pompholyx sp.
that the fish negatively affected their abundance (Jack & Thorp 2002) . Chang et al. (2008) , Meng & Orsi (1991) , and Limburg et al. (1997) have noted a significant negative effect of fish larvae on communities of large plankters, especially greater Cladocera and Copepoda. As mentioned above, Rotifera had a greater percentage contribution in the quantitative and qualitative composition downstream than in outflows. According to many authors, fish have no negative effect on the composition of rotifers (e.g. Akopian et al. 1999 , Meng & Orsi 1999 , Romare et al. 1999 , Chang et al. 2008 ). Richardson and Bartsch (1997) have also reported that the abundance of K. cochlearis is much reduced in the presence of fish. In the present study, small pelagic rotifers such as Keratella sp. and Polyarthra sp. were noted in smaller abundance and biomass downstream than in the outflow, although the difference was statistically insignificant. Therefore, it is difficult to describe correctly the influence of fish on the presence of small size rotifers (Jack and Thorp 2002) . However, on the basis of the present results it can definitely be concluded that the negative effect of fish on the communities of rotifers was smaller than it was on the communities of crustaceans.
In this study, between the outflow and a site 200 m downstream, a significant decrease in the communities of crustaceans, with the exception of nauplii, was found. The decrease in the number of Cladocera taxa along the outflow section was 50% on average, while the density and biomass of daphnids was reduced by over 90%. The reduction of abundance and biomass of chydorids reached over 80% while that of bosminids reached over 70%. Chang et al. (2008) , Czerniawski & Domagała (2012) , and Czerniawski & Pilecka-Rapacz (2011) have also reported a great reduction in the density and biomass of zooplankton representing the same taxa in the outflows from lakes and artificial reservoirs, reaching even 100%, which, as mentioned above, should be related to the pressure of planktivorous fish. Significant reduction of communities of small cladocerans such as bosminids and chydorids by fish does not agree with the results of experimental studies of some authors who reported that the presence of fish had no negative effect on the density of Bosmina sp. or Diaphanosoma sp. (Richardson & Bartsch 1997 , Thorp & Casper 2002 . However, Jack & Thorp (2002) claimed that the predator's low encounter rate with bosminids or some daphnids and the relatively high densities of copepods may have resulted in the fish focusing their foraging efforts on the more abundant copepod prey. Hence, it should be assumed that the influence of fry on the communities of small cladocerans is also significant, especially when the latter occur in high densities, which has been confirmed by other authors. Moreover, according to Pearson's correlation analysis, multiple regression, and CCA, along the outflow section a strong effect of cyprinids on the reduction in the biomass of crustaceans, with the exception of nauplii, was found. The majority of experimental evidence on the relation between fish and zooplankton have concerned fish larvae, but in this study cyprinids that significantly affected the abundance of zooplankton were mainly neither larvae nor fry. According to Bogatova et al. (1971) even large cyprinids (up to 0.5 kg) feed on large Copepoda. Results of our study did not indicate a significant influence of any other group of fish on the reduction of the biomass of zooplankton, except for a positive correlation between the percids and Polyarthra sp. and between pike and Keratella sp. However, a real positive effect of these fish on such small plankters seems doubtful. It looks as if it was an accidental relation following from the occurrence of pikes and percids in greater number in the outflows from the lakes in which these zooplankton taxa were dominant. Another reason for such a correlation could be the eating out of larger plankters by cyprinids, leading to increasing abundance of the smallest plankters relative to that of large crustaceans.
Higher abundance and biomass of Bdelloidea, Collurelidae, and Lecane sp. downstream than in the outflow section, although the difference is statistically insignificant, is most probably a result of the behaviour of these taxa, whose occurrence is closely related to the presence of littoral and psammon. The taxa were probably detached from the bottom and from the substrate along the whole river section studied. This was particularly pronounced in the watercourses of greater water flow, which was confirmed by a positive correlation between the hydrological parameters, vegetation coverage, and the reduction of these taxa. Bdelloidea are related to littoral, but often bring considerable contribution to potamozooplankton density, especially in shallow rivers (Fontaneto et al. 2005 , Zhou et al. 2008 , Czerniawski & Pilecka-Rapacz 2011 , Czerniawski 2012 .
In running waters zooplankton communities are strongly correlated with physical parameters, mainly river regime (Basu & Pick 1996 , Lair 2006 . The reduction of zooplankton communities in outlet sections is also related to these variables. As follows from the Pearson's correlation coefficients, multiple regression, and CCA analysis, the discharge, depth, and current velocity have a positive effect on the biomass of crustaceans. The higher the values of the above parameters, the lower the reduction in crustacean biomass. Some authors studying the influence of hydrological conditions of outlets or streams on the composition of zooplankton have reported a positive correlation between hydrological variables and communities of plankters, especially the large taxa (Campbell 2002 , Czerniawski & Domagała 2012 . Perhaps, in the outflow sections where current velocity and discharge are high, the pressure of planktivorous fish on zooplankton is smaller, because of high current speed that drifts zooplankton faster, making it hard to reach (Czerniawski & Domagała 2010b) . Therefore, one can conclude that the influence of hydrological parameters on the biomass of zooplankton in the outlets is the opposite of their influence in rivers. In rivers, the weaker current, smaller discharge, and longer water residence time are favourable for zooplankton reproduction (Basu & Pick 1996 , Jack & Thorp 2002 , while in the outlets the weaker current can facilitate zooplankton catching by fish.
CCA also evidenced a positive influence of vegetation coverage on the biomass of crustaceans; the reduction in crustacean biomass decreased with increasing vegetation cover in the outflow sections. It is well-known that submerged macrophytes can be an effective place for large crustaceans to hide from predatory fish (Lauridsen et al. 1996 , Cerbin et al. 2007 ). Additionally, adult copepods are able to escape from fish into the dense vegetation of macrophytes (Gliwicz 1985 , O'Brien 1987 . Some papers have also proved a positive influence of the vegetation cover on the abundance of zooplankton in small watercourses and outlets, which was evident for crustaceans (Czerniawski & Domagała 2010a , Czerniawski & Pilecka-Rapacz 2011 . Reduction in zooplankton was also positively correlated to illuminance. Light is one of the most important factors determining the effectiveness of fish predation. With increasing illuminance the effectiveness of fish predation significantly increases (Lazzaro 1987 , Walls et al. 1990 ).
According to the results of our study, the most important variables affecting the rate of zooplankton reduction in the lake outlets are the biomass of cyprinids and hydrological parameters along the outlet. To the greatest degree (in statistically significant amounts) the reduction concerned daphnids, adult copepods, small cladocerans, and copepodites, while the reduction in the communities of rotifers and nauplii was statistically insignificant.
